Abstract: Through outcrop observation of the internal structure of volcanic fault zone and in combination with fault sealing mechanism research and lithology juxtaposition evaluation, this paper analyzes the internal structure and lateral fault sealing of a volcanic fault zone of the Xujiaweizi Fault Depression. The "binary structure" of damage zone and fault core is developed inside the volcanic fault zone. The fault does not have the sealing property basically at the juxtaposition of volcanic rock. Lithologic juxtaposition sealing is formed at the juxtaposition of the volcanic rock reservoir stratum and the overlying conglomerate bed and mudstone bed. By improving the traditional Knipe diagram (single-well triangle diagram), a dual-well triangle map is drawn to indicate the influence of strike-slip fault on the lithology juxtaposition. Modeling is established with the dual-well triangle diagram and in combination with the fault lithology juxtaposition diagram to evaluate the fault sealing property. Research showed that the gas pools in the Xujiaweizi Depression are almost in the upside of faults; in the longitudinal, gas-water contract is almost at the most shallow position of volcanic juxtaposition and the horizontal distribution of gas pools around faults is just like the curve "sine" as the result of the "dolphin effect" of the Xuzhong strike fault.
Introduction
One important research area of the zone (play) and trap risk assessment is the lateral sealing capacity of faults which affects the hydrocarbon accumulation in fault traps (faultrelated traps) [1 6] . Currently, the researches on the internal structure and sealing capacity of fault zones in sandstone and mudstone interbeds have achieved considerable development, and both domestic and foreign scholars have recognized that "dual" structure of crushed zone and fault core are universally developed in fault zones [7 9] . The crushed zone shows different permeability due to different properties of rocks: deformation bands mainly develop in the crushed zone of porous sandstone faults [10 11] ; while the fractures mainly develop in the fault zones formed by rocks of low porosity, which have high permeability in general [12 13] . There are great differences in permeability of the fault core due to different fillings inside, which is the primary reason for different permeability between the wall rock and fault zones [14] [15] [16] . Scholar Bretan et al. established a relationship between the SGR (Shale Gouge Ratio) of fault zones and the maximum hydrocarbon height for the seals of fault rocks formed by the faults in clastic rocks [17] , thus achieving a quantitative evaluation for lateral sealing capacity of clastic fault zones [18 19] . However, there are few studies on the lateral sealing capacity of volcanic fault zones at present.
The distribution of volcanic natural gas pools in Xujiaweizi Fault Depression of Songliao Basin is obviously controlled by faults. Based on the internal structure and the contact characteristics of two walls of volcanic fault zones, and distribution features of gas and water, the internal structure of volcanic fault zones and the lateral sealing capacity of faults in Ying-I section of Xujiaweizi Fault Depression is systematically analyzed through the study on sealing mechanism of faults and by taking advantage of evaluation method of fault sealing capacity, so as to explore the impact of fault seals on the accumulation and distribution of gas pools in the region.
Structural and sedimentary background
Located in the middle part of the eastern depression zone of Songliao Basin (Fig. 1) , the Xujiaweizi Fault Depression is a half-graben faulted depression "faulted in the west but overlapped in the east". Overlain by Sanzhao Depression developed at the late stage, the Xujiaweizi Fault Depression developed the typical dual structure of "lower fault-depression and upper depression" [20] . [20] movement stopped, the fault depression shifted to the thermal cooling and subsidence stage. Exploration so far has proved the volcanic rocks of Yingcheng Formation is generally rich in gas, and the discovered natural gas reservoirs mainly concentrate near strike-slip faults. There exists a special coupling relationship between the sealing characteristics of strike-slip faults and natural gas migration and distribution pattern, therefore, researches on the deformation characteristics and reservoir controlling mechanism of faults can help reveal the distribution pattern of natural gas reservoirs further.
2 Internal structural and sealing mechanism of fault zones
Fault zones generally have "dual" structure [7, 13] , namely fault core and crushed zone. Previous studies show that fault zones with different structural characteristics play different roles in controlling fluid [7] , hence, the correct understanding on the internal structure of fault zones is the basis of fault sealing capacity study.
"Dual" structure of volcanic fault zones
Faults are generally the passage of "fracture type" magma eruption. Although volcanic eruptions are induced by fault movement, the structure formation of fault zones is inhibited by the strong effect of magma [20] . The faults will not deform and the obvious "dual" structure of fault zones will not be formed until debris from the eruption and cooled magma rocks experience second deformation. Fault deformation of volcanic rocks mainly occurs in three forms: rupturing in crushed zones, showing as a large number of fractures cutting wall rocks; rupture and cataclastic flow at the fault core [13] , causing the large degree of rock rupture and the formation of fault breccia; grinding action at the sliding surface in fault core, where scrapes as well as gouge, cataclasite and breccia can be found [7, 20 21] . In 2005, Gray et al. studied the structure of ignimbrite fault zones in Yucca Mountain, Nevada, U.S. and found that, with the increase of the fault throw, fault zones show more and more obvious structural differences [21] , which can be summarized into four types of fault zones according to the internal structure: type I fault zones have discontinuous sliding surfaces and scrapes, fault throw from a few millimeters to a few centimeters, and almost no crushed zone, and width of less than 2 cm; type II fault zones have a relatively thin fault core and insignificant crushed zone , fault throw of less than 1 m, and mainly breccia in fault core; type III fault zones comprise a fault core and crushed zone, fault throw from a few centimeters to tens of meters; the fault core, tens of centimeters to 1 m in diameter, is made up of cataclasites and breccia with no cohesion or relatively smaller cohesion, and there develop small faults, fractures and veins in the crushed zone which is about 1 to 10 meters wide; type IV fault zones consist of a fault core (including gouge, cataclasite and breccia) and crushed zone, with a fault throw of 10 m to a few hundred meters. From the section above it 167 can be seen volcanic fault zones have the following features: with the increase of fault throw, the fault gradually shifts from single fault core to "dual" structure, and the fault core transforms from breccias to cataclasites and gouge.
Outcrop features of volcanic fault zone structure in Ying-I member
Volcanic fault zone in Ying-I member rich in natural gas was analyzed based on the preliminary understanding of the structure of ignimbrite fault zones. The volcanic rocks in Ying-I member are mainly rhyolites and tuffs. In order to understand the deformation characteristics of these two kinds of volcanic rocks and the internal structure of the fault zones, the rhyolite fault (Jiutai, Jilin, Songliao Basin) and tuff fault (Yiyuankou, Liujiang Basin) in Ying-I member are described respectively in the following section.
Outcrop in Ying-I member of Jiutai prefecture, Jilin Province is generally rhyolites, with two faults F1 and F2 developed ( Fig. 2) , and scrape direction of fault sliding surface indicates that both of the faults are normal faults. F1 fault has an apparent sliding surface, which is different in attitude at different locations, but is a nearly west-dipping high-angle normal fault. The fault shows clear "dual" structure, with a fault core of 0.4 -2.3 m wide. In the fault core, filled massive loose fault breccia which is purple due to weathering, and lower in diagenetic degree than wall rocks, and rich in crossing, connected reticular fractures. Looking eastward from the sliding surface along the profile direction, the granularity of fillings in fault core increases gradually (the length of long axis is few millimeters to 2.4 m), the fillings gradually transit from breccia to tectonic lens, and the density of fractures shows a decreasing trend. The wall rocks, very tight themselves, at undeformed positions have few fractures and voids developed and poor connectivity, in comparison, the fault zone in juxtaposition between rhyolites has relatively higher porosity and permeability. F2 fault only developed a sliding surface, while the fault core developed in local position. Inside the fault core is fault breccia with basically no gouge, and the crushed zone with abundant fractures is on both sides of the sliding surface. Therefore, it can be seen from the characteristics of the two faults that the fault zones in Ying-I member have high fracture density and good fracture connectivity in the juxtaposition of rhyolite -rhyolite, poor sealing ability, and the permeability of fault zones is enhanced to some extent than the wall rocks.
There developed a distinct tuff fault in Yiyuankou of Liujiang Basin (Fig. 3) , which is identified as a reverse fault with an inclination of 43° in accordance with the pointing direction of scrapes on the sliding surface. The fault throw is hard to tell as no obvious identification layer is shown on two walls of the fault. The fault has clear "dual" structure, with a fault core of 5 -20 cm wide, and a crushed zone rich in fairly long crossing fractures (tens of centimeters to several meters) (Fig. 3a) . The crossing reticular fractures near the fault core are very well-developed ( Fig. 3b) with good connectivity. The fillings inside the fault core are mainly weathered fault breccia (Fig. 3c) , which is relatively weaker than wall rocks in weathering resistant ability and lower than wall rocks in diagenetic degree. There developed open fractures in part of the fault core, and cement fractures in local fresh surface (Fig.  3c) , indicating the high permeability of fault core in the late stage of fault deformation, which provides conditions for the Gouge content in the tuff fault zone is very low, and abundant connecting fractures developed in the fault core and crushed zone. In summary, it can be roughly concluded that compared with wall rocks, the tuff fault zone is high in permeability with basically no sealing capacity, and its sealing property is similar to the rhyolite fault.
2.3
Internal structure model and sealing mechanism of volcanic fault zones Clear "dual" structure is observed in the rhyolite and tuff fault zones of outcrops. Despite that the fault core and crushed zone have relatively large difference in thickness, both the rhyolite and tuff faults show high permeability and no sealing ability in the juxtaposition with volcanic rocks. Besides, Fu Xiaofei et al. has studied and found that all juxtaposing places of volcanic rock-volcanic rock are aqueous interbeds [20] . So it can be inferred that Xuzhong fault is difficult to seal just by fault rocks when it is in the volcanic juxtaposition of Ying-I member, and the effective seal can only be achieved by the lithologic juxtaposition of volcanic reservoir and low permeability formation, the smearing of caprock mudstone and the cementation seal at late stage. However, since large-scale migration of natural gas hindered the occurrence of cementation greatly [20] , it is therefore difficult to form cementation sealing. Meanwhile, through the comparison of cumulative thickness and fault throw of caprock in Deng-II member of Xuzhong fault and local caprock in Ying-IV member, it is found that the caprock is thicker than the top fault throw at any position (Fig. 4) , so the caprock is not faulted and the smear sealing mode of mudstone does not exist. Hence, the sealing of fault in the study area mainly depends on the lithologic juxtaposition of volcanic reservoir interbed in Ying-I member and low permeable rocks overlying on the walls.
And the formation overlying the volcanic gas reservoir in Ying-I member is mainly mudstone and conglomerate. It is found by comparing physical property and displacement pressure of the volcanic rocks and conglomerate in accordance with the drilling data around Xuzhong fault that the conglomerate is poorer in physical property than the underlying volcanic rock, so there is a juxtaposition seal mode between volcanic rock and conglomerate [20] , besides the juxtaposition position of volcanic rock-volcanic rock may be leaky laterally, therefore, the gas-water contact of the gas reservoir is controlled by the minimum depth of the juxtaposition between volcanic rocks (Fig. 5 ).
3 Sealing property of volcanic faults
Evaluation of lithologic juxtaposition sealing capacity
After confirming the volcanic faults in Ying-I member is juxtaposition sealed, the sealing capacity of the main trap control faults such as Xuzhong fault was dissected. The most common evaluation methods for juxtaposition sealing are Allan diagram (lithologic juxtaposition diagram of fault) [22] and
Knipe diagram (traditional single well triangular diagram) [23] , which can be used together to analyze the juxtaposition sealing of faults quantitatively. Knipe diagram is mainly applied in the fault sealing analysis of normal faults and reverse faults. Its principle is to characterize the upper and lower wall features by making use of the logging and geological logging of a typical well near the fault, then draw the Knipe diagram through the fault displacement in a fault controlled trap. Without considering the effects of denudation and syngenesis, the basic characteristics of two walls (lithology, thickness, stratigraphic sequence and permeability) would have little changes after the formation of normal and reverse faults, so this method can only be applied to blocks with the same or similar layer characteristics of two fault walls. It can be seen from two sections crossing Xuzhong fault that: the thickness and stratigraphic sequence of the volcanic reservoir in two walls of Xuzhong fault are quite different affected by strike-slip, denudation and uneven thickness of volcanic rocks (Fig. 6) . The strike-slip effect leads to the juxtaposition of two fault walls with different formation characteristics. In addition, the vertical fault throw of the strike-slip faults makes lithologic juxtaposition relationship between fault surfaces more complex. If Knipe diagram is adopted, the lithologic juxtaposition relationship of two fault walls under different fault throw will be hard to distinguish. In order to evaluate the juxtaposition sealing of strike-slip faults, the evaluation method of traditional triangular diagram has been improved; based on the basic principle of Knipe diagram, the stratigraphic differences under the effect of strike-slip is taken into consideration to draw the triangular diagram of double wells. As shown in Fig. 7a , the strike-slip fault causes the juxtaposition of zones in different stratigraphic features on plane. When the zone I and III juxtapose, there are significant differences in stratigraphic features on both sides of the fault. Therefore, one well was selected on each wall of the fault (well A' and C) to draw the triangular diagram, and the vertical fault throw is worked out in accordance with the target top of two wells to draw the vertical lithologic juxtaposing relationship of two fault walls (Fig. 7b) . Triangular diagram of double wells can reflect the actual lithologic juxtaposing relationship at different vertical fault throw under the strikeslip effect, and the stratigraphic features of two fault walls, thus reducing the uncertain juxtaposition range between reservoirs with high permeability and the wall caprock with low permeability -no permeability (referred to as the low/no permeable caprock), and improving the accuracy of fault sealing evaluation by the triangular diagram.
Evaluation of volcanic fault sealing in Ying-I member
Xuzhong fault and the small-scale normal faults with remarkable trap controlling effect were evaluated by combining the triangular diagram of double wells and Allan diagram [22, 23] , involving four typical gas reservoirs, Xushen 1, Xushen 7, Xushen 14, and Xushen 27. The concept of "risk fault throw" [24] was introduced in the evaluation process, i.e. the smallest fault throw to form sealing by the fault. And if the fault throw is less than this value, then the fault has a higher risk of lateral leakage. Analysis of the structure of the fault outcrops shows sealing can't be formed at the juxtaposition of volcanic reservoir interbed, therefore, the risk fault throw can be figure out by using the lithologic juxtaposition relationship showed in the triangular diagram of double wells. In the fault controlled trap of Xushen 1 gas reservoir, the top fault throw is 80-708 m. It can be seen from the triangular diagram of double wells, namely, Xushen 1 and Xushen 502 (Fig. 8) , the risk fault throw of this fault trap is 260 m, hence, part of the fault throw of volcanic reservoir is smaller than the risk fault throw, so there is leak possibility at juxtaposition of volcanic reservoir bed. Fault's lithologic juxtaposition diagram in Fig. 9 shows that the minimum depth of the juxtaposition of volcanic reservoir in the same formation is -3 550 m, i.e. the gas-water contact altitude estimated by the juxtaposition leakage is -3 550 m, and its corresponding fault throw is 223 m.
Based on the above principles, Well Xushen 7 and Xushen 201, Xushen 14 and Xushen 141, Xushen 27 and Xushen 302 were adopted respectively to draw the triangular diagram of double wells, so as to evaluate fault trap Xushen 7, 14 and 27, and their gas-water contact altitude was figure out as 3 810 m, 3 636 m, and 3 792 m, respectively. Comparison of the gas-water contact from single well logging and the evaluation result shows the depth of gas-bearing section of some wells obtained from the two methods has big difference, hence the uncertainty of the results was analyzed ( Table 1 ). The actual gas-bearing depth of Well Xushen 6, 601 and 5 in fault trap of Xushen 1 and Xushen 12 in fault trap Xushen 14 are all shallower than the evaluation results. The explanation result of the logging of these four wells shows that: 3 550.0 -3 472.9 m in Xushen 6 is still gas-bearing, but is a gas-water bed. Mercury injection data of the rock sample at this depth range shows the permeability is only (0.06 -0.40) × 10 3 m 2 , and porosity only 0.9% to 6.2%, that is, the gas-water layer above the gas-water contact is mainly caused by the poor physical properties of reservoir; there is no reservoir any more below 3 494.3 in Well Xushen 601, resulting in the shallower well logging result than the trap gas-water contact; Well Xushen 5 does not have logging result between 3 574.0 and 3 509.9 m, but, the depth below 3 574.0 m is water layer, that is, the trap gas-water contact of 3 550 m is between the measurement results of industrial gas layer and water layer, basically consistent with the evaluation result; Similar to Well Xushen 601, Well Xushen 12 has no reservoir below 3 494.3, resulting in the shallower well logging result than the trap gas-water contact. The uncertainty analysis shows that for wells encountering volcanic reservoirs (Xushen 1, 7, 14 and 27), the maximum error between actual gas-water contact and the evaluated gas-water contact is 15.1 m, comparative with the seismic resolution, it is in the controllable range of error, which indicates that the overall gas-bearing characteristics of the fault trap is basically consistent with the evaluation results.
Volcanic rocks are the complexes of multiple volcano eruption products, with big changes in thickness, uneven properties and strong heterogeneity [25] , the uncertainty analysis shows that the volcanic gas pool is controlled by the thickness and property characteristics of reservoir to a large extent, leading to the not uniform gas-water contact in fault trap, but its overall gas-water distribution pattern is controlled by the lateral sealing of faults.
Control mode of strike-slip faults in volcanic reservoir on gas accumulation
The study on the seals of 4 typical fault volcanic traps reveals that the effective juxtaposition seals are more easily formed in the fault controlled traps in the hanging wall. In volcanic reservoirs of Xujiaweizi Fault Depression, natural gas reservoirs are all gathered in the hanging wall of the fault no matter it is strike-slip fault, normal fault or reverse fault, hence, the sealing conditions of fault trap in the study area has no direct relationship with the type of faults. Meanwhile, the "dolphin" effect of strike-slip faults results in the "sine" distribution of gas reservoirs in two walls of Xuzhong faults (Fig. 10 ).
Conclusions
Volcanic rocks in Ying-I member of Xujiaweizi Fault Depression are mainly tuff and rhyolite, and the faults there have "dual" structure. Located in two fault walls, the crushed zone has numerous reticular fractures; marked by the sliding surface, the rocks at fault core were crushed severely, inside fault core is massive non-cohesive fault breccia with plenty of open fractures and little gouge. The fault zone, high in permeability, has no sealing capacity.
The sealing mechanism of fault zones in Xujiaweizi Fault Depression is lithologic juxtaposition sealing. Volcanic reservoir in Ying-I member has no sealing ability at juxtaposition with the same layer of volcanic rock, and the sealing of faults only formed at the juxtaposition of volcanic reservoir with overlying compact conglomerate or mudstone. Considering the lithology, thickness, sequence and other features of two walls of strike-slip faults, the triangular diagram of double walls were drawn by modifying Knipe diagram and selecting two typical wells in key positions or symmetrical positions of two fault walls, so as to reflect the lithological juxtaposition relationship of two fault walls more accurately.
It can be seen from the sealing evaluation of trap control faults in Xujiaweizi Fault Depression, natural gas reservoirs are all found in the hanging wall of faults, and under the influence of "Dolphin effect", the gas reservoirs are distributed in "sine" form around the fault.
